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INTRODUCTION

Material properties of the containment media (tuff) and related con-

struction materials associated with individual nuclear events at the

Nevada Test Site (NTS) are a vital part of the Defense Nuclear Agency (DNA)

nuclear test program. Material properties are primarily needed in the

evaluation of stemming and containment designs of the nuclear tests and

in material models designed to predict ground motion and wave propagation.

This report summarizes the materials testing program conducted by

Terra Tek from September 1977 through August 1978 for the Test Directorate,

Field Command, DNA. The purpose of the test orogram was material character-

ization for the DIABLO HAWK Structures experiments and the on-going con-

tainment evaluation studies. Tuffs and grouts from various locations at

NTS were tested for specific mechanical and physical properties. During

the contract period, reports were published upon completion of testing

and distributed to designated agencies. This final report includes those

reports plus some additional test data not yet distributed. A synopsis of

the testing and analytical procedures is as follows:

Diablo Hawk Structures

The Diablo Hawk event has several ground shock-structures interaction

experiments. These experiments are located in an area 150 to 700 feet

to the south of the working point. In conjunction with these experiments,

tuffs, grouts and sands were evaluated for their material properties.

Reports describing the above work are:
Some Material Properties of Diablo Hawk Tuff Associated with

the TRW Experiment, TR 77-95
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High Pressure Mechanical Properties of Lapis Lustre Sand, TR
77-70

Some Material Properties of Diablo Hawk Tuff Associated with
the AA (Agbabian Associates) Water Filled Tunnel

Shear Moduli of Select Ul2n.10A DNFF Tuff

Material Properties of the Diablo Hawk Camera/Borescope Drill
Hole Tuffs

Material Properties of Select Interface Tuffs

Containment Evaluation

In a continuing effort to understand containment phenomena and plan

for new events, material properties were measured to assist with evaluating

the media's potential for hydraulic fracturing. Interest was in materials

from previous events or, in particular, the Hybla Gold event from which

cavity gases were allowed to penetrate outside of the "residual stress".

field.

The test results are, at this time, inconclusive. However, the data

is supportive of larger cavity experiments.

Exploratory Drill Holes in U12n.11 Tunnel

Site exploration is an essential part of proper resource utilization

at NTS. The continuing requirement for new test locations dictates con-

tinual exploration. Exploratory drill holes orovide a means of determining

site usability for a nuclear test prior to extending tunnels into an area.

An evaluation of a site may be determined by examining the material

properties of exploratory drill hole cores and comparing results with data

from previously tested sites. This. report examines both the physical and

mechanical properties of the proposed U12n.11 area as the future Miner's

Iron test site.

4
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Residual Stress in Thick-Walled Cylinders of Ash-Fall Tuffs Subjected to
Internal Pressurization

Field measurements and calculations indicate that postshot residual

stresses may exist around a cavity. To investigate this possibility,

internal pressurization tests on thick-walled tuff cylinders were conducted

to determine whether residual stresses can exist. Work investigating the

possibilities of forminq residual stresses began during the last contract

year on both tuffs and tuff matching grouts. The report presents further

data on selected tuff samples.

Properties of Reconstituted Tuff

In support of siting future nuclear events in the proximity of previous

events and hence the "chimney" from the event (i.e. the volume of material

above the cavity from which material has collapsed into the cavity), labora-

tory tests were conducted. Material property tests were conducted on tuff

material that was crushed and recompacted to simulate the densities of

-n situ "chimney materials". The test program includes evaluation of

sample size effects, particle size effects and finally tuff type effects.

This year's report presents the physical and mechanical properties of re-

constituted Paintbrush tuff of varying sample sizes.

Ultrasonic Velocities as a Function of Fracturing

The objective of this study was to determine the effects of fracture

on the acoustic velocities in ash-fall tuff to explain the reduction in

seismic velocities with time noted in the pillars at underground locations.

The measured reduction in velocity has been as much as 30 nercent below the

original values. The objective of this test program was to gain a better

5
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understanding of the mechanism that causes the velocity change. The

initial Phase of the proqram was to determine if comparable velocity re-

ductions could be Droduced (under simulated field conditions) in the

laboratory.

Specific Retention Tests -At

Because of the requirement to know the gas-filled void content of tuff

material to a high degree of accuracy, tests were conducted to evaluate the

possibility of fluid invasion during drilling. Apparent "wet" tuff samples

were placed in a high humidity environment to determine if the samples

would gain moisture.

Additionally, "dry" tuff samples were also Placed in the high humidity

environment to determine if they would return to their original "in situ"

moisture content. Previous work has shown that dry samples olaced in a near

100 percent relative humidity environment gain weight (moisture) to the sus-

pected in situ condition.

Stanford Research Institute (SRI) Grout

In support of the DAN containment Program, SRI conducts experiments of

the hydrofracture properties of tuff matching grout. Mechanical and ohysi-

cal properties of these grouts were determined by Terra Tek to provide

data required for calculations of the SRI experiments. Tests conducted by

TTI during this contract year are described in:

Material Properties of Stanford Research Institute Superlean Grout
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SUMMARY

Mechanical property tests were conducted on core samples from two

long (230 foot) and five short (21 foot) drill holes relating to the

Diablo Hawk event at the Nevada Test Site. The drill holes were desig-

nated TRCX#1 and 2 and TRCX#4, 7, 12, 17, and 21 for the long and short

holes respectively. These particular cores are from the vicinity of

the TRW experiment and were tested to provide material properties for

calculating ground motion response. A plan view showing the relative

locations of the drill holes is shown below in Figure 1.

Mechanical testing consisted of unconfined compression tests and

uniaxial strain tests to 4 kbars confining pressure. Table 1 lists the

unconfined compressive strength, and stress difference and permanent

?I

OIAiLO "ARK W.P. '

'PIC T -IGH. U124. i04 MAIq I . TO PO lRAL" "

-- TRC A' 12

Figure 1. Plan view of Diablo Hawk structures drifts showing the
relative locations of the TRCX drill holes."
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TABLE 1

TRW Experiment Mechanical Test Data -- U12n.10A Cable Holes

inconfined 'Omoressive "easured P~ermanent Stress ifference :.Tv
3rill 4ole/Footage Strength (kb) omaCtion (4 kb (kb)

RCX.1 10 1. 3.30
20 0 14
30 0.07
39 0.24
48 0.17
51 0.11
61 2.7 0.58
72 0.48
80 0.52,0.57-
89 0. 37
99 0. 19 .

103 0.17
i1 *0.5 0.42

120 0 17
131 0.40
141 0.33
149 0. 11 i
152 0. 13
160 -- 1.0 0.36
172 O.57,0. "
181 0.37
191 0.15
13 0.29
203 0.43212 -- 1.2 1.20
222 0.8210,803229 O.i33 m

TRCX#2 0 1.8 0.43

33 0.12
38 0.1149 0. 13
S1 4 .4 0 .4 3 ' "61 0.12

71 0.11 """

80 0.12
91 0.16
101 -- 3.0 1.75
124 0.09
154 -- 0.2 1.70
164 0.*18
172 0.09
179 0. 16
190 0.30
204 -- 1.2 0.75
214 0.08
222 1.0 0.23
231 0.11

TRCX#4 4 0.29
8 0.29
13 0.35
17 -- 1.5 0.60
20 -- 1.2 0.41

TRCX7 5 0.36
8 -- 1.2 0.55
13 0 59
17-, 1.0 i.27
20 0.18

TRCX#12 6 .0.38
11 -- 2.6 0.59
13 0.10
16 -- 1.7 1.47
19 0.25

TRCX#17 1 0.23
8 4.3 0.85

14 0.15
21 -- 2.0 0.55
29 0.16

TRCXD21 1 0.50

11 -- 5.8 0.44

* Duplicate tests were conducted to verify apparent high strength.

1: 9'
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volume compaction observed during the uniaxial strain tests for each

drill hole. Figures 3 and 4 show the unconfined compressive strengths

as a function of the drill hole footage for drill holes TRCX#1 and #2

respectively. Appendix A shows the unconfined compression test curves

and Appendix B shows the uniaxial strain test curves.

Although drill holes TRCX#1 and #2 were collared from the same

point (see Figure 2), the samples have quite different strength proper-

ties. TRCX#2 samples exhibited very consistent unconfined compressive

strengths averaging 0.13 kbars with a standard deviation of 0.05 kbars.

These results are consistent with previous test data (i.e. U12n.10 UG#4

x = 0.18 kbars and ISS#5 i = 0.19 kbars) obtained for the nearby Mighty

Epic event.* TRCX#1 samples on the other hand exhibited quite different

03

f "["DRIP r

Figure 2. Map showing locations of TRCX#1 and #2 core samples.

• Butters, S. W., Dropek, R. K., and Jones., A. H., "Material Properties
of Nevada Test Site Tuff and Grout with Emphasis on the Mighty Epic
Event," Terra Tek Report TR 76-63, November 1976.
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b 00
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*

Figure 4. Unconfined compressive strength versus drill hole footage
for Ul2n.1OA TRCX#2 tuffs.
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behavior. The average unconfined compressive strength was 0.30 kbars

with a standard deviation of 0.19 kbars. A possible explanation for

the apparent difference in material properties between the two holes is

found in the fact that the TRCX#1 drill hole crosses through two differ-

ent lithologic subunits while the TRCX#2 drill hole lies entirely within

the same subunit.* Densities computed from the test sample dimensions

and weights verify the apparent material differences. Variation in the

sample bulk density of the TRCX#1 test specimens was considerable, rang-

ing from 1.73 to 2.15 gm/cc while the density variation for the TRCX#2

samples ranged from 1.81 to 2.04 gm/cc. Figure 5 shows this variation

*Q and its effect on unconfined compressive strength.

Only a limited number of uniaxial strain tests were conducted on

the TRCX drill hole samples. Tests were conducted on samples from

approximately 8 foot intervals for the short drill holes and 50 foot

intervals for the long drill holes. The same material variations shown

in the unconfined compressive tests are evidenced in the uniaxial strain

tests by the variation in the stress difference of from 0.23 to 1.75 kbars

(at 4.0 kbars). The permanent volume compaction is generally less than 2

percent by volume with a couple of samples in the 3 to 4 percent range

and one sample at 6 percent.

* Conversation with Dean Townsend, U.S. Geological Survey, April 17, 1978.
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Figure 5. Unconfined compressive strength versus sample bulk
4 density for TRCX#1 drill hole tuff.
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APPENDIX A

Unconfined Compression Test Curves on Ul2n.1OA TRCX Tuffs

TPCX ZI

0 05 05 '

'RANSVRSE. (,. % STRAIN AXIALE.

Figure 6. Unconfined compression test on Ul2n. 10A TRCX#1 tuff -

stress versus axial and transverse strains.

'2 1- .24C

.0 3

.02

44

S. .0

0 OX 0 05 '0
TRANdSVERSE. I!, % STRAIN AXIAL. C.. %

Figure 7. Unconfined compression test on Ul2n.1OA TRCX#1 tuff -

stress versus axial and transverse strains.
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4.,2

L I

0 G0 5 0 ) 0 ' o0

'RANSVERSE. ET. STRAIN A X IAL. E,.%

Figure 8.Unconfined compression test on Ul2n.1OA TRCX#1 tuff -

stress versus axial and transverse strains.

-o U 12n.-1OA
T RCX a

0-o5

0 02

'0 o3 0 0.5 .0

TRANSVERSE. e,.% S T .A IN A XI AL.*a. %

Figure 9. Unconfined compression test on Ul2n.1OA TRCX#1 tuff -

stress versus axial and transverse strains.
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3 TRCXa!

U. 120

0.2

0-

.0 0.5 0 0 5 '0

TRANSVRSE, , STRAIN AxiAL. E,%~

Figure 11. Unconfined compression test on Ul2n.1OA TRCX#1 tuff -

stress versus axial and transverse strains.
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-- 06 UI2n IOA
TRCX 0I

e--

0.

0 0.5 0 0 5 .0

TRANSVERSE.E,.% STRAIN A X IAL. E..%

Figure 12. Unconfined compression test on Ul2n.1QA TRCX#1 tuff -

stress versus axial and transverse strains.

JU12..I10A
TRCXM I

ra 0.4

0.1

0. a1.

TRVASVERS.1,.S STIIIAI AXIAL.*,%

* Figure 13. Unconfined compression test on Ul2n.1OA TRCX#1 tuff -

stress versus axial and transverse strains.
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0.4 TRCX #2

IDI

- 0.3

0.2

3 3' 25'

0.81

L.0 0.5 0 0.5 .
TRANSVERSE. ET., % STRAIN AXIAL, 1EA. %

Figure 14. Unconfined compression test on Ul2n.1OA TRCX#2 tuff -

stress versus axial and transverse strains.
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u12n~ 10 A

04 7 R CX 2

.9 -0.3

S0.2
u-

X 91,

1.0 0.500!10
TRANSVERSE, ET. % STRAIN AXIAL, FA. %

Figure 16. Unconfined compression test on Ul2n.1OA TRCX#2 tuff -

stress versus axial and transverse strains.

U12n. 10 A

0

190,

0 0.3

-0.2

* 164'

231 24
0.i 14

1.0 0.5 0 0.5 1.0
TRANSVERSE. CT,% STRAIN AXIAL, eA. %

Figure 17. Unconfined compression test on U12n.1OA TRCX#2 tuff -

stress versus axial and transverse strains.
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UI2n 10A

-t -04 TRCX A4

03 1

.0.2

OA

0.5 0 0.5 1.0
TRANSVERSE, ET, % STRAIN AXIAL, EA, %

Figure 18. Unconfined compressiori test on U12n.1QA TRCX#4 tuff -

stress versus axial and transverse strains.

U12 n. IOA
TRCX #7

4m 0.6

(n~

S 0.4
(n

-0.2

20'

rX
1.0 0.5 0 0.5 1.0

TRANSVERSE, E TI% STRAIN AXA, %.0

Figure 19. Unconfined compression test on Ul2n.1OA TRCX#7 tuff -

stress versus axial and transverse strains.
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UI2n 10A

04 T RC X 012]
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LU

19'

-0.2

I13'

X 

'0.1

1.0 0.5 0 0.5 1.0
TRNSERET % STRAIN AXIAL, EA, %

Figure 20. Unconfined compression test on Ul2n.1OA TRCX#12 tuff -

stress versus axial and transverse strains.

UI2n. IOA

0.6TRCX #17

0.5

w -0.4
a-

* -0.3

0.2 2

0.114

1.0 0.5 0 0.5 1.0

TRANSVERSE. ET, %STRAIN AXIAL, EA %'

*Figure 21. Unconfined compression test on Ul2n.1QA TRCX#17 tuff -

stress versus axial and transverse strains.
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Ul2n. IOA
-. TRCX #21
. 0.6

0

A 0.3

0.2

1.0 0.5 0 0.5 [0

TRANSVERSE. CT.- STRAIN AXIAL, A.%

Figure 22. Unconfined compression test on Ul2n.1OA TRCX#21 tuff -

stress versus axial and transverse strains.
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APPENDIX B

Uniaxial Strain Test Curves on Ul2n.1OA TRCX Tuffs

I
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UI2n. IOA
TRCX I

160

•

I

0~ 2

2

0
z

z

4--

212'

TRCX ,0 1 .

0.8"

0.6 I
'.00

a2

0 4

CONFINING PRESSURE, a"$, KBARS

Figure 26. Uniaxial strain test to 4 kbars on UI2n. IOA TRCX#1 tuff -
stress difference versus confining pressure. ..
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UI12n. 10A
TRCX 02

0

4

0

I.z

0

0 2 /

VOLUME CHANGE. AV/V,. %

Figure 27. Uniaxial strain test to 4 kbars on Ul2n.1OA TRCX#2 tuff -

mean normal stress versus volume change.

0.111 U12n. 10A
TRCX P#2

dc
49
a 0.6

z

Ii.

0.

01

0 2 3 4
CONFINING PRESSURE, 473, KBARS

Figure 28. Uniaxial strain test to 4 kbars on Ul2n.1OA TRCX#2 tuff -

stress difference versus confining pressure.
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Figure 29. Uniaxial strain test to 4 kbars on Ul2n.1OA TRCX#2 tuff -

manmlstress feec versus olumeicnge.sre
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Figure 32. Uniaxial strain test to 4 kbars on Ul2n.1QA TRCX#2 tuff -
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ABSTRACT

Saturated Lapis Lustre sand will be used in a horizontal sand column

to be located near the Diablo Hawk event at the Nevada Test Site. High

pressure mechanical properties were determined to provide data for pre-

'  test ground motion calculations. Sand samples at 37 and 40 percent porosi-

ties were tested in static hydrostatic compression, triaxial compression and

uniaxial strain to 4 kbars confining pressure. Principal stresses and

strains as well as pore pressures were measured in both drained and undrain-

ed configurations.

Test results indicate that saturated sand observes the "effective

stress law". Drained samples (high effective stress) exhibited very high

shear strength while undrained samples (low effective stress) exhibited

relatively low shear strengths. Increased porosity also results in a re-

duction in shear strength in undrained sand.

0
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INTRODUCTION

An experiment designed to evaluate the response of saturated sand

to shock loading is being fielded by the Boeing Company . It involves

the placement of a saturated sand in a tunnel extending horizontally

from near ground zero in the future Diablo Hawk nuclear test at the

Nevada Test Site. Pre-test ground motion calculations will be performed

to assist with calibration of instrumentation in and around the sand column

and to evaluate shock loading prediction capabilities. These calculations

require a material model for the saturated sand. For this reason, labora-

tory testing was performed on both drained and undrained Lapis Lustre
S

sand.

The possibility existed that the exact conditions of the sand-water

mixture might not be measurable or that there would be variations in the

conditions as a function of location in the tunnel. Laboratory tests were

therefore required to investigate the influence of initial porosities and

saturations over the range of values expected in the tunnel. It was also

necessary, in evaluating the laboratory's measured properties, to address

the effect of sample preparation techniques, aspect ratios and sand grada-

tion.

The actual tunnel sand is expected to range between 37 and 40 percent

porosity. Therefore, 37 percent (referred to as Grade A sand in this re-

port) and 40 percent (Grade B) porosities were chosen as initial test

* Boeing Company, Seattle, Washington.
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porosities. The majority of the tests were conducted on saturated (i.e.

99-100 percent) Grade A sand -- both undrained and drained configurations

-over the confining pressure range of 50 bars to 4 kbars. The Terra Tek

test program is shown in Table 1.

TABLE 1

Test Matrix by Figure Number

Initial Test Conditions Triaxial Compression Uniaxial Strain Gradation
____________ _______ _________ ________ -________ .Analysis

*Saturation(%) Drainage Porosity(%) 50 Bar 100 Bar 1 KB 4 KB 4 KB

99-100 Drained 37 Fig. 1,5 Fig. 2,5 Fig. 3.5 Fig. 4.5 Fig. 6 Fig. 13,14

*99-100 Undrained 37 Fig. 7,11 Fig. 8,11 Fig. 9,11 Fig. 10,11 Fig. 12 Fig. 15,16

99-100 Undrained 40 -- Fig. 17,19 -- Fig. 18.19 --
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SAMPLE PREPARATION

Sand Composition

Approximately 800 pounds of Lapis Lustre sand was received from DNA

Field Command, Nevada Test Site. Five random gradation analyses were

performed. Results are listed below in Table 2, along with the gradation

analysis of field test sand.

TABLE 2

Gradation Analysis - Lapis Lustre Sand

Expected 1 2 3 4 5_ _Range* % %0 % '0

Past #16 100 100 100 100 100 100
Past #20 35-45 48 52 52 58 57
Past #30 6-8 9 9 12 14 12
Past #35 -- 2 3 4 5 4
Past #40 <1 .- __

* Field test results furnished by Mr. J. W. LaComb, Mercury, Nevada.

Obviously, the test sand contains higher percentages of fine grains

than does the field sand. It was therefore decided (by mutual agreement

* *between DNA Field Command and Terra Tek) to sieve the test sand and remix

_o it to a gradation closer to that of the field sand. The resulting test

- sand gradation was

Past #16 100%

* Past #20 40%

Past #30 7%

Past #40 < 1%

4
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Over 99 percent of the sand consisted of clear to milky quartz grains

with the remainder being made up of grains containing minor amounts of

ferro magnesium minerals. Mean grain density of the sand was found to be

2.625 gm/cc with a standard deviation of 0.009 gm/cc. For determining

porosities, the grain density used was 2.625 gm/cc.

A 20.5 inch long, 3.26 inch diameter cylinder was used to form a

sand column for determining maximum and minimum obtainable dry densities.

Densities obtained ranged from 1.73 gm/cc (34 percent porosity) to 1.52

gm/cc (42 percent porosity). When water was added to the sand column,

the high porosities became more difficult to obtain as settlement would

readily occur with any slight movement.

Preparation Technique

Method I - Samples were prepared by wrapping and sealing a .8 mil

thick polyurethane jacket to two 2-inch diameter steel endcaps spaced

2.5 inches apart. The upper endcap had a hole through which the sand

was poured while the lower endcap housed the pore pressure transducer.

Knowing the sample volume, a predetermined amount of sand was funnelled

in through the upper endcap. A computed amount of water, based on the

desired saturation, was then added and a plug was placed in the top hole.

After emplacement of axial and transverse strain cantilevers, the sample

was inserted into the pressure vessel and tested. All test samples were

prepared via this method unless specifically stated otherwise.

It should be noted that this sample preparation method resulted in

some sand settlement during placement of the water and during handling

prior to testing. That is, the sand matrix settled to slightly below

45



the upper endcap (to approximately 34 percent porosity), leaving a small

layer of water on top. As discussed later in this report, this water

layer had no significant effects on the mechanical properties and the sam-

ples prepared are representative of the 37 and 40 percent porosities

(based on the ratios of water to sand).

Method 2 - This method of sample preparation was used to investigate

the effects of the above mentioned top water layer. It is basically the

same as Method 1, except to a 4-inch length. Also, cantilevers were

mounted and the sample assembly was placed in the pressure vessel before

the water was added. These modifications minimized sample movement and

sand settlement was controlled so contact was maintained between the upper

endcap and the sand matrix. Porosities of 37 and 40 percent with no top

water layer were obtainable via this method.

Method 3 - A third method used a back pressure saturation technique

to investigate the effects of different saturation methods. Rather than

adding a computed amount of water as in Methods 1 and 2, water was added

to the point where incremental increases in confining pressure (Ao3) caused

equivalent incremental increases in pore pressure (Aop). When the ratio
p

of these incremental changes (B factor) was equal to or greater than 0.96,

* the sample was said to be fully saturated1. That is:

B = > 0.96 = fully saturated state.

a 3.

*
A 5 psi effective mean normal stress was maintained during this

saturation process to inhibit grain settlement. It was found that samples

5 46
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reached saturation at approximately 20 ps ng pressure. After

saturation was obtained, no water movement mitted, and hydrostatic

compression was started. The volume strair .j this saturation orocess

was negligible and the upper endcap remained in contact with the sand.
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TEST RESULTS

Drained Tests (Grade A)

Hydrostatic Compression - Pressure-volume response for the drained

Grade A sand during hydrostatic compression is shown in Figures 1 through

4 for 0.05, 0.1, 1.0 and 4.0 kbars confining pressures, respectively.

Larger individual plots are shown in the Appendix. Volume strain ranged

from approximately 3 percent at 0.05 kbars to 27 percent at 4.0 kbars con-

fining pressure. Volume strains shown are determined from the axial and

transverse strains (i.e. AV/V o = CA + 2ET). The large volume strains ob-

served during hydrostatic compression are attributed to pore water migra-

tion from the sample. Actual grain breakdown (see Figure 13) also con-

tributes to the volume decrease as higher confining pressures are applied.

Triaxial Compression - Shear response during triaxial compression for

Grade A sand is also shown in Figures I through 4 for 0.05, 0.1, 1.0 and 0

4.0 kbars confining pressures. Volumetric strain during shear is attached

to the top of the hydrostatic compression curves. Again, more detailed

individual graphs are shown in the Appendix. 0

Failure points at these confining pressures are shown in Figure 5 as

stress difference values taken at 15 percent axial strain during the tri-

axial compression. The failure curve is plotted using both engineering

stress (based on initial cross-sectional area) and true stress (based on

cross-sectional area taken at 15 percent axial strain).

Test data shows increased shear strength and matrix stiffness with

increased confining pressure. The nore pressure for these tests is zero,

48
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axial strain for drained Grade A sand.

therefore, the effective stress and confining pressure are equal at all

times. The shear strength is a function of effective stress and hence '~,

the expected strength increase with increasing confining pressure. .,

Volume change during shear showed some initial compaction followed

by dilatancy (volume increase). Exact magnitudes of compaction and dila-

tion, however, are questionable because the large axial and transverse"

strains resulted in slight barreling which led to erroneous volume strains.. :

The trend toward dilatancy however is clear and substantiates work done

b2
• ., -

by other investigators2  It should be noted, however, that even with -

dilation, the sample volume does not surpass that of the initial pre-

hydrostatic volume.

Uniaxial Strain - The uniaxial strain test for drained Grade A sand

is shown in Figures 6a and 6b as mean normal stress versus volumetric strain
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and stress difference versus confining pressure. Test results show shear

strength increasing with confining pressure. Volume strains are large

(over 20 percent at 3 kbars mean normal stress) and measured permanent

compaction is high. High volume strains result from water drainage, com-

paction, as well as grain breakdown (see Figure 14) at the higher stress

states.
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Figure 6a. Uniaxial strain test on drained Grade A Lapis Lustre sand --
mean normal stress versus volumetric strain.
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* Figure 6b. Uniaxial strain test on drained Grade A Lapis Lustre sand --

stress difference versus confining pressure.
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Undrained Tests (Grade A)

Hydrostatic Compression - Hydrostatic pressure-volume response for

the undrained Grade A sand is shown in Figures 7 through 10 for confining

pressures to 0.05, 0.1, 1.0 and 4.0 kbars (more detailed test curves are

shown in the Appendix). Volume strains range from approximately 0.2 per-

cent at 0.05 kbars to 3.5 percent at 4.0 kbars.

Undrained saturated sand is an inelastic two-phase medium composed

of pore water and a solid skeleton of sand grains. Volumetric strain

during hydrostatic compression therefore is primarily a measure of the

water compressibility (individual grain compressibility is negligibly

small) 3 . The volume strain is significantly less than that of drained 0

sand since the pore water supports the bulk of the hydrostatic stress.

This is substantiated by the fact that the pore pressure equaled the con-

Ica fining pressure during the hydrostatic compression.

Triaxial Compression - Triaxial compression test results at 0.05,

0.1, 1.0 and 4.0 kbars confining pressures for Grade A sand samples are

also shown in Figures 7 through 10. The state of zero strain for these

curves is the top of the hydrostatic compression. Both axial and trans-

verse strains were measured. Samples exhibited immediate barreling re-

quiring that volume change be computed using the pore pressure measure-

ment. An explanation of this method of volumetric strain determination

is given later. Figures 7 through 10 also show the pore pressure measure-

ments and the computed volumetric strains for each triaxial compression

test. The negative pore pressure changes shown on the plots represent

a decrease in the pore pressure during the shearing portion of the test

(i.e. while confining pressure is constant). Figure 11 shows the maximum

stress at each confining pressure in both engineering and true stress.
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Figure 11. Triaxial compression failure (maximum stress difference)
for undrained Grade A Lapis Lustre sand.

As deviatoric stress is applied to the sand skeleton, dilation with

an accompanying decrease in pore pressure occurs. The volume increase

associated with dilation allows grain movement toward less dense grain

configurations (higher porosities) thus tending to reduce shear strength.

At the same time, reduced pore pressure increases the effective stress

on the sand matrix tending to increase shear strength. Apparently these

two effects are off setting, however, as evidenced by the "flat" failure

surface shown in Figure 11.

As mentioned earlier, dilation occurred with the application of de-

viatoric stress. Exact magnitude of the dilation could not be measured

directly due to sample barreling. Volumetric strain was therefore deter-

mined indirectly from the pore pressure measurement. It was reasoned that

since a triaxial compression test was constant confining pressure (i.e. -

constant compressibility), any pore pressure change must represent a pore
volume change. This change would be a function of the compressibility of

the pore water. This relationship is linear (insofar as the compressibility

term.is constant) as seen by the equation
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V B AP. AV = Volume Change

0V o  Initial Volume _-.

= Pore Fluid Compressibility

AP = Pressure change

All volumetric strain data for undrained samples was computed using

this relationship.

Uniaxial Strain - Uniaxial strain test results on undrained Grade A

sand are shown in Figures 12a and 12b. Results are shown as mean normal

stress versus volumetric strain and stress difference versus confining

pressure. Test results indicate that maximum stress difference is very

low, on the order of 5-10 bars. The stress difference does increase some-

what at around 2 kbars confining pressure (see Figure 12b). Although not

completely understood, it is thought that at this point the sand grains be-

gin supporting a portion of the confining stress resulting in added shear

strength-capacity. Only after the sand grains have reached maximum density,

however, would a significant increase in stress difference be expected.

Volume strains during uniaxial strain are small (4-6 percent range)

when compared to the drained uniaxial tests, again showing the restraining

role of pore water.

Post-Test Gradation Analysis

Post-test gradation analysis tests were conducted to determine the

effect of different stress states on sand grain response. Drained test

sand showed significant grain breakdown through 4 kbars confining pres-

sures (Figures 13 and 14) while undrained test sand showed no measurable

grain breakdown (Figures 15 and 16). The dashed lines indicate the pre-

test sample gradation. -1

57

• .. . - . * . ::, . . . , . . . . , . . . . : . .. ., ' .. . - ,. . .. . . . '



4.

CL

4r

0

' 

0.

U.
U.

10-

0

24

COFNN RSUE 13 BR

Figure 12a. Uniaxial strain test to 4.0 kbars confining pressure on

PIPundrained Grade A Lapis Lustre sand strmean nomalestres
versus volumeticg prssain.
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Undrained Tests (Grade B) i
Grade B sand (40 percent porosity) was tested at 0.1 and 4.0 kbars

confining pressures in triaxial compression to observe the effects of

higher porosity. Stress-strain curves for these tests are shown in Figures

17 and 18. Figure 19 shows the triaxial compression failure points for

comparison with Grade A sand.

The general form of the curves appear to be similar to those of Grade 0

A sand however the maximum stress difference is some 20 percent lower.

This reduction in shear strength is not unexpected.

600

b 40  03 0.1 KBARS

U.
IA.

20-

Co
0 ie

0 5 10 15 20
AXIAL STRAIN, EA, %

Figure 17. Triaxial compression test on undrained Grade B Lapis Lustre -i

sand. Sample preparation Method II. 0'
I

63 "

. . . . .

. . . . . .. . . .- . . i



-.- - -- -' o -.---

-. ' ' .'

0
a3 4.0 KBARS

0-
L. 4

0-0

I I I/wi

0 5 no 15 20

AXIAL STRAIN, EAI %

Figure 18. Triaxial compression test on undrained Grade B Lapis Lustre
sand. Sample preparation Method II.

Cr a 37% POROSITY

o 80 40% POROSITY

b 6
s-

.. 40
a- .

, 20
I-

* St

0•
0 0.5 I 3 4

CONFINING PRESSURE, 0-3, KBARS

Figure 19. Comparison of triaxial compression failure envelopes
* for undrained Grade A and B Lapis Lustre sand.
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Tests Investigating the Effects of Different Initial Conditions

Sand Settlement - Two samples, one prepared via Method I (excess water

layer on top) and the other prepared via Method II (no excess water) were

tested in hydrostatic and triaxial compression at the same confining pres-

sures to evaluate the effects of sand settlement. Test results are shown

in Figure 20. Results show that the curves are virtually the same (within

experimental scatter) with no significant difference in volumetric strain

or stress-strain response. "

Aspect Ratio - Sample preparation Method I used an aspect ratio of 1.25

(i.e. diameter to length ratio). Tests conducted at a ratio of 2 indicated

no difference between the two sample mechanical properties.

Back Pressure Saturation - Samples saturated using the back pressure

method (Method III) were tested at 0.1 and 4.0 kbars for comparison with

previous (Method I) tests. Results are shown in Figures 21 and 22 for

both hydrostatic and triaxial compression. Again, no significant differences

* are apparent.

j ,,

60-
b 03= o.I KBARS

LU

, 20

0
0 5 10 15 20

AXIAL STRAIN, CA' %

I- METHOD I

2-METHOD 31

Figure 20. Comparison of sand settlement effects on undrained sand response.
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Figure 21. Hydrostatic and triaxial compression test curves for
back pressure saturated sample (Method III).
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0
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Figure 22. Hydrostatic and triaxial compression test curves for
back pressure saturated sampl., (Method III).
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CONCLUSIONS

The intent of the test program has been to determine the mechanical

properties of saturated sand. Within the content of this study, the fol-

lowing conclusions can be made.

Test Conditions:

For drained sand, shear strength increases with increased

confining pressure.

s For undrained sand, shear strength remains independent of con-

fining pressure (i.e. the failure curve is "flat").

Porosity:

* The higher Porosity samples (i.e. 40 percent) showed a lower

shear strength than the 37 percent porosity samples over the

complete confining pressure range.

Dilation:

* Volume dilation resulting from the application of deviatoric

stress is less than the volume compaction observed during

hydrostatic compression over the range tested.

Sample PreDaration:

* The various sample preparation techniques did not change pressure-

volume or shear response.

4
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APPENDIX

DRAINED TESTS

IL

0.15- M I

01 ) b a- 3 0.0 5 KARS

0.051

10 5 0 5 to
TRANSVERSE,e-T, % STRAIN AXIAL,eCA 9%

Figure Al. Triaxial compression stress-strain curve for drained
Grade A Lapis Lustre sand at 0.05 kbars confining
pressure.

0.-m

0.13

10 5 0 5 to IS5-
TRANSVERSE,6 T'% STRAIN AXIAL.,%

Figure A2. Triaxial compression stress-strain curve for drained
* Grade A Lapis Lustre sand at 0.1 kbars confining pres-

sure.
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*Figure A4. Triaxial compression stress-strain curve for drained
Grade A Lapis Lustre sand at 4.0 kbar,, confining pres-
sure.
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Figure A6. Volumetric strain during triaxial compression for
drained Grade A Lapis Lustre sand at 0.05 kbars
confining pressure.
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Figure A7. Volumetric strain during triaxial compression for
* drained Grade A Lapis Lustre sand at 1.0 kbars

confining pressure.
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UNDRAINED TESTS

U_ il
LL

60 n'( O3 0.05 KBARS

4 40 -W

20-

15 10 5 0 5 10 I 5 20 2
TRANSVERSE, C- T'% STRAIN AX A XA,e

Figure AO. Triaxial compression stress-strain curve for undrained
Grade A Lapis Lustre sand at 0.15 kbars confining pres-
sure.
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nm0-32 10 KIARS
60 ~

* . 40 -

20-

15 0 .5 0 5 10 15 20

TRANSVERSE,eT, STRAIN A X IAL,EA,%

Figure All. Triaxial compression stress-strain curve for undrained
Grade A Lapis Lustre sand at 1.0 kbars confining pres-
sure.

IL

00

6510 5 0 5 010 4.0 20A

TRANSVERSEG TO% STRAIN AXIAL, eA,%

6 Figure A12. Triaxial compression stress-strain curve for undrained
Grade A Lapis Lustre sand at 4.0 kbars confining pres-
sure.
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-0.4 -0.2 0 0.2
VOLUMETRIC STRAIN,,eV/Vo,%

Figure A13. Volumetric strain (computed from pore pressure) during
triaxial compression for undrained Grade A Lapis Lustre
sand at 0.05 kbars confining pressure.

0

173=01 KBAR

60

-40 1*M
I-

-20

-0.4 -0.2 0 0.2 0.4
VOLUMETRIC STRAIN,CV/V o , %

Figure A14. Volumetric strain (computed from pore pressure) during
triaxial compression for undrained Grade A Lapis Lustre
sand at 0.1 kbars confining pressure.
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03!1.0 KBARS 7:
-60

40

-20

-0.25 0 0.25

VOLUMETRIC STRAIN,c6V/VO,%

* Figure A15. Volumatric strain (computed from pore pressure) during
triaxial compression for undrained Grade A Lapis Lustre
sand at 1.0 kbars confining pressure.

0-34,0 KBARS

Cn

-60 '

b7

-40 U.

Sw

-20 X

3 -32I 0 1 2 0
VOLUMETRIC STRAIN,6V/V,,%

Figure A16. Volumetric strain (computed from pore pressure) during
triaxial compression for undrained Grade A Lapis Lustre

* sand at 4.0 kbars confining pressure.
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60
-60

IL
b- .

40

(nI
U)

-20 -10 0 10
PORE PRESSURE CHANGE,

nPp ,BARS

Figure A17. Pore pressure during triaxial compression for undrained
Grade A Lapis Lustre sand at 0.05 kbars confining ores-
sure. *See explanation on paae 12.

03= o.1 KBARS

D

60

LU40 5

,20

-20 -t0 0 10

PORE PRESSURE CHANGE,

8PoBARS

Figure A18. Pore pressure during triaxial compression for undrained 0
Grade A Lapis Lustre sand at 0.1 kbars confining pres-
sure. *See explanation on page 12.
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60b

IL

-40

-20

-50 -25 0 25 50
PORE PRESSURE CHANGE,

aPp, BARS

* Figure A19. Pore pressure during triaxial compression for undrained
Grade A Lapis Lustre sand at 1.0 kbars confining pres-
sure. *See explanation on page 12.

(73=4.0 KBARS

CD

* 60

II.

-40

-20

* -500 -250 0 250 500
PORE PRESSURE CHANGE,

nLp BAR S

Figure A20. Pore pressure during triaxial compression for undrai~led
Grade A Lapis Lustre sand at 4.0 kbars confining pres-

* sure. *See ex~lanation on page 12.
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SOME MATERIAL PROPERTIES OF DIABLO HAWK TUFF

ASSOCIAitD WITH THE AA (AGBABIAN ASSOCIATES)
WATER FILLED TUNNEL

SUMMARY

The AA water filled tunnel experiment is located in D drift of the

Diablo Hawk structures area, approximately 180 feet to the south of the

working point. Cores from four drill holes, DNFF#7, 8, 9 and 10, were

tested for physical and mechanical properties. Each hole ranged in

depth from 17 to 24 feet.

Results of the physical property measurements are listed in Table 1.

Table 2 lists the respective unconfined compressive strengths and the

measured stress difference at 4.0 kbars confining pressure during the

uniaxial strain test. Stress-strain and stress-stress curves for the

individual tests are shown in Figures 1 through 11. 0

Test data indicate a nearly saturated tuff with a few areas of under-

saturation. Unconfined compressive strengths were consistent at about

4 0.2 kbars. Stress difference observed at 4.0 kbars confining pressure

during uniaxial strain, however, varied from 0.31 to 1.5 kbars.
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TABLE 1

Physical Properties, Uniaxial Strain Permanent Volume Compaction
and Ultrasonic Wave Velocities of AA Water Filled Tunnel

DRILL HOLE DENSITY (gm/cc) WATER POROSITY SATURATION CALC, MEAS. VELOCITY
FOTAGE BY WET N) (%) AIR PERMANENT (km/ ec)

AS- WEIGHT VOIDS COMP.
RITBIVED DRY GRAIN (%) LONG SHEAR

ONFF47

1 1.79 1.43 2.40 20.0 40,3 88.7 4.5 7.5 2.60 1.21

20 1.85 1.49 2.36 19.3 36.6 97.5 0.9 2.6 3.38 1.70

DNFF#8

1 83 1.45 2.39 20.7 39.3 96 6 1 3 3 5 2.56 3.22
5 L,88 1.51 2.45 19.6 38.4 96.7 1 3 1,1 3.50 1.96

16 1.91 1.59 2.37 16.8 33.0 97.6 0,8 0,9 3.47 1.89
23 1.97 1.67 2.48 15.0 32.5 91.0 2.9 2.1 2.94 1.48

0NFFi9

1 1.86 1.54 2.43 18.4 36.7 94.6 2.0 2.5 2.71 1.32
24 1.83 1.52 2.46 16.5 38.0 80.0 7.7 4.0 3.24 1.81

* ONFF41O

1 1.89 1.55 2.40 18.2 35.6 96.7 1.2 1.8 2.95 1.57

17 1.85 1.46 2.46 20.8 40.6 94.6 2.2 2.4 2.45 1.16

TABLE 2

UI2n.1OA Tuff Mechanical Test Results

Uniaxial Strain Test
Unconfined Compressive [Stress Difference @

Drill Hole/Footage Strength (kb) 3= 4 kb (kb)]

DNFF#7 1 0.14 0.45
20 0,24 0.80

DNFF#8 1 0.19 0.35
5 -- 0.31

16 -- 1.24
23 0.20 0.81

DNFF"9 1 0.24 0.50
24 -- 1.50*

DNFF10 1 -- 0.66
17 -- 0.30

* Machine force limit reached at -2.5 kbars confining pressure.
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U12n. IOA
DNFF #7

-. 0.6

0.
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-- 0.4

..1..220

0.3

1.0 0.5 0 0.5 1.0

TRANSVERSE. ET - % STRAIN AXIAL, EA,%

Figure 1. Unconfined compression tests.
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TRANSVERSE. ET~, % STRAIN AXIAL. EA.%

* Figure 2. Unconfined compression tests.
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4 UI2n. IOA
U) 0. DNFF #9

.. 0.5

w 0.4

-0.

-0.1

1.0 0.5 0 0.5 1.0

TRANSVERSE. C. % STRAIN AXIAL. E A %

Figure 3. Unconfined compression tests.
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Figure 4. Uniaxial strain tests, stress-strain response.
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Figure 5. Uniaxial strain tests, stress-stress ^esponse.
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Figure 6. Uniaxial strain tests, stress-strain response.
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Figure 8. Uniaxial strain tests, stress-strain response.
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Figure 9. Urniaxial strain tests, stress-stress response.
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Figure 10. Uniaxial strain tests, stress-strain response.
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67

SHEAR MODULI OF SELECT UI2n.1OA DNFF TUFF

SUMIMARY

Cycled triaxial compressi, tests were conducted on U12n.1OA DNFF
tuff samples to evaluate the effect of confining pressure on apparent
shear modulus. Samples were axially loaded while at 0, 34.5 and 69.0
bars confining pressure. Axial and transverse strains were measured.
At 0 and 34.5 bars confining pressure, the samples were loaded only
far enough to scale slopes from the "elastic" portion of the stress-
strain curves (i.e. typically above 0.02 kbars). At 69.0 bars confining
pressure, samples were loaded to failure. The respective shear moduli
are shown below.

Shear Modulus (Kbars) 0

Sample Identification :=0 Bars a3=34.5 Bars z.=69.0 Bars

DNFF-8 15' 10 17 18
DNFF#8 19' 25 30 30
DNFF#9 16' 13 18 21
DNFF-IO 15' 17 26 30

As expected, the shear modulus increases with increased confining
pressure. Also, these moduli appear to be in the same range as your
field measurements.

To date, six triaxial compression tests at 69.0 bars confining pres-
*sure have been conducted on DNFF drill hole tuffs. The average strength

is 0.37 kbars with a standard deviation of 0.12 kbars. These values are
within the range of earlier test results on samples from nearby drill
holes ("Material Properties on Samples from Mighty Epic Drill Holes
U12n.10 UG#4, U12n.10 UG#6a and U12n.10 UG#7," Terra Tek Report TR 75-50).
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CYCLED TRIAXIAL COMPRESSION UI2n. IOA
DNFF*'8S

(73-69.0 BARS

up0.04-

0.-3

w
x

0

~STRAIN O3*0 BARS

0.02-

0

' 04 - 0 ;,3. 0.ARS

-4 (T3-0 BARS
wS

0.036

0.02

4~0.06 
-

0

0 0.5 1.

STRAIN, E& 7 .%

Figure 2. Triaxial compression tests.
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KCYCLED TRIAXIAL COMPRESSION UI2n. IOA
4 DNFF 0 9

0.0?-

cc Cr3.69.0 BARS
4 0.06-

0.05- 0-O BARS

to

0 34.5 BARS

A*

Z0.03-

0.02-

0.01-

o
0 0.5 1.0

STRAIN, tA-(T.%

Figure 3. Triaxial compression tests.
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0.0?-
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0.

0 ~ 0.03.

STRAIN, A1-f T .%

Figure 4. Triaxial compression tests.
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MATERIAL PROPERTIES OF THE DIABLO HAWK
CAMERA/BORESCOPE DRILL HOLE TUFFS

SUMMARY

The camera/borescope drill holes are located near F and G drifts in

the Diablo Hawk (Ul2n.10A) structures area. Cores from 19 drill holes

were tested for both physical and mechanical properties. Physical pro-

perty testing included density, porosity, moisture content, and ultrasonic

velocity measurements. Mechanical testing included unconfined compressive

and uniaxial strain tests.

Physical property and ultrasonic velocity data are listed in Table

1. Physical property tests indicate that the tuffs have an average bulk

density and porosity of 1.85 gm/cc and 37.4 percent, respectively. A

number of samples had gas filled voids greater than 2 percent, as evidenced

by the physical properties and the volume response of the uniaxial strain

tests. This is not unusual for the subject areas, however, asmS
similar anomalies were seen durinq characterization of the Mighty Epic

site*, at which time they were found to be single samples and did not

suggest larger volumes of undersaturated tuff.

Figure 1 shows the unconfined compressive strength and stress differ-

ence at 4.0 kbars confining pressure during uniaxial strain as a func-

tion of drill hole and footage. Both unconfined compression and uniaxial

strain tests exhibited random strength variations. Unconfined compressive

strengths ranged from 0.04 to 0.52 kbars and stress difference at 4.0

kbars confining pressure during uniaxial strain ranged from 0.22 to over

1.60 kbars.

* Butters, S. W., A. H. Jones and S. J. Green, "Material Properties on
Samples from Mighty Epic Drill Holes Ul2n.10 UG44, Ul2n.1O UG#6a,
and Ul2n.1O UG#7," Terra Tek Report TR 75-50, September 1975.
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TABLE 1

PHYSICAL PROPERTIES, UNIAXIAL STRAIN PERMANENT VOLUME COMPACTION
AND ULTRASONIC WAVE VELOCITIES OF UI2n.1OA CATV TUFFS

DRILL HOLE DENSITY (gm/cc) WATER POROSITY SATURATION CALC. MEAS. VELOCITY
FOOTAGE BY WETAUR AIR PERMANENT (km/lec)

AS- WEIGHT VOIDS COMP,.
RECIVED DRY GRAIN LONG SHEAR

CATV Drill
Hole

#5 0' 1.77 1.44 2.40 18.5 39.8 82.0 7.2 6.0 2.42 1.20

#5 12' 1.99 1.68 2.44 15.6 31.1 99.8 0.1 0.8 3.02 1.55

s6 3' 2.01 1.75 2.45 13.2 28.8 91.7 2.4 1.3 3.32 1.84

#6 13' 1.89 1.56 2.44 17.4 36.1 91.3 3.1 1.3 2,84 1.38

#7 3' 1.81 1.50 2.42 16.9 38.0 80.3 7.5 6.3 2.75 1.26

#7 11' 1.85 1.47 2.41 20.6 39.1 97.0 1.2 2.8 2.88 1.44

#8 0' 1.86 1.50 2.39 19.7 37.6 97.5 0.9 4.5 3.02 1.48

48 12' 1.81 1.38 2.41 23.5 42.5 100 0 0.2 2.8 2.64 1.22

49 1' 1.88 1.54 2.35 18.2 34.4 99.3 0.2 2.1 2.96 1.53

#9 17' 1.80 1.49 2.40 17.4 38.2 82.5 6.7 5.2 3.20 1.72

#11 0' 1.84 1.56 2.40 15.5 35.3 80.6 6.9 4.7 2.28 1.21

911 18' 1.80 1.54 2.38 14.7 35.3 75.4 8.7 1.9 3.07 1.51

413 3' 1.75 1.32 2.45 24.1 45.9 91.7 3.8 5.5 2.57 1.12

,113 15' 1.77 1.40 2.36 21.1 40.9 91 3 3.5 4.0 2.39 1.26

d14 6' 1.87 1.54 2.42 17.6 36.4 90.3 3.5 0.8 3.18 1.66

*14 15' 1.82 1.49 2.42 18.3 38.5 86.5 5.2 4.4 3.68 1.83

o15 0' 1.70 1.27 2.36 25.4 46.4 93.3 3.1 2.7 2.59 1.08

#15 13' 1.70 1.23 2.41 27.7 49.0 96.1 1.9 2.1 2.71 1.27

-16 5' 1.99 1.73 2.45 12.9 29.3 87.3 3.7 0.8 3.03 1.30

.16 13' 1.86 1.48 2.41 20.6 38.7 99.0 0.4 2.0 2.35 1.36

r17 2' 1.90 1.54 2.41 18.6 36.0 98.0 0.7 2.2 2.70 1.21

417 19' 1.95 1.68 2.40 13.9 30.0 91.0 2.3 4.2 3.19 1.53

*18 3' 1.81 1.42 2.39 21.6 40.4 96.9 1.3 1.5 3.01 1.54

418 21' 1.89 1.51 2.45 20.2 38.4 99.3 0.3 2.6 2.97 1.54

019 5' 1.91 1.57 2.44 17.9 35.6 96.5 1.3 2.6 3.13 1.52

419 19' 1.96 1.71 2.38 12.9 28.1 89.9 2.8 1.2 3.03 1.70

,020 0' 1.88 1.68 2.35 10.5 28.4 69.4 8.7 4.0 2.54 1.09

o20 20' 1.87 1.47 2.45 21.2 40.0 98.3 0.5 2.9 3.26 1.66

a21 0' 1.90 1.54 2.45 19.4 37.3 99.1 0.3 1.4 2.74 1.26

421 35' 1.36 1.51 2.38 19.2 36.6 97.4 0.9 2.3 3,26 1.75

'22 12' 1.80 1.41 2.44 21.6 42.2 92.0 . J.O 2.96 1.24

d22 28' 1.86 1.54 2.43 17.0 36.5 36.9 4. 4.3 2.70 1.05

v23 6' 1.90 1.56 2.38 18.0 34.5 93.9 0.4 1.3 3.13 1.64

'23 28' 1.84 1.49 2.36 18.3 36.3 93.3 2.3 2.? 2.92 1.48

a24 3' 1.79 1.39 2.43 22.6 42.9 94.3 7.4 3.6 2.51 1.17

&24 28' 1.83 1.34 2.44 21.6 .1.0 96.6 1.4 3.3 2.80 1.24

dW13 2' 1.94 1.61 2.44 17.7 3A.1 97.9 .7 :.4 2.84 1.42

-W13 14' 1.76 1.41 2.37 19.3 JIG.5 '6.0 5.. 6.5 2.90 1.54
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UNCONFINED COMPRESSION TESTS
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TRANSVERSE, CT,- % STRAIN AXIAL. CA.-

Figure 2. Unconfined compression tests.
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Figure 3. Unconfined compression tests.
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Figure 4. Unconfined compression tests.
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* Figure 5. Unconfined compression tests.
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w 0.4

.-_.-#
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0.1 17' "
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Fiqure 6. Unconfined compression tests.
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Figure 7. Unconfined compression tests..

95

.- , ,'. . °. .' ." .' , . . . . -' - . . . -. - . • * . . . , - . . . ,;L - 'L

... ....... .. .'-



- * 4a,.: - .,.:- ~ c C- . - - % .- r'- IT-. F.,

UI2n. IOA
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Figure 8. Unconfined compression tests.
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* Figure 9. Unconfined compression tests.
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Figure 10. Unconfined compression tests.
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Figure 11. Unconfined compression tests.
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Figure 12. Unconfined compression tests.
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Figure 13. Unconfined compression tests.
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Figure 14. Unconfined compression tests.

UI2n. IOA
(0 CATV#20

S 0.6

-- .

-,U . 0.5

-0.4

-0.

0.3

1.0 0.5 0 0.5 1.0

TRANSVERSE E T -% STRAIN AXIAL EA -%

Figure 15. Unconfined compression tests.
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Figure 16. Unconfined compression tests.
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9. Figure 17. Unconfined compression tests.
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*Figure 18. Unconfined compression tests.
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Figure 19. Unconfined compression tests.
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Figure 20. Unconfined compression tests.
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UNIAXIAL STRAIN TESTS
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Figure 21. Uniaxial strain tests, stress-strain response.
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Figure 23. Uniaxial strain tests, stress-strain response.
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Figure 24. Uniaxial strain tests, stress-stress response.
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Figure 25. Uniaxial strain tests, stress-strain response.
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Figure 26. Uniaxial strain tests, stress-stress response.
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Figure 29. Uniaxial strain tests, stress-strain response.
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Figure 30. Uniaxial strain tests, stress-stress response.

107



UI2n. 10A
CATVN 11

4

0'

3-

47
E

2

0

0 1 4

W 0.6

0.

0.

00

0 2 3 4 7

VOLUNIGMPESCHURE. q iV*, %

Figure 32. Uniaxial strain tests, stress-strain response.
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Figure 33. Uniaxial strain tests, stress-strain response.
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Figure 34. Uniaxial strain tests, stress-stress response.
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Figure 35. Uniaxial strain tests, stress-strain response.
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Figure 37. Uniaxial strain tests, stress-strain response.

0.0. 
U2n 1A

0.7 

-

03

0. 
0

0
0

C N I I G P E SC U R E. V/. K B0,

Figure 38. Uniaxial strain tests, stress-stress response.
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Figure 39. Uniaxial strain tests, stress-strain response.
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Figure 40. Uniaxlal strain tests, stress-stress response.
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Figure 43. Uniaxial strain tests, stress-strain response.
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Figure 44. Uniaxial strain tests, stress-stress response.
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. Figure 45. Uniaxial strain tests, stress-strain response.
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Figure 46. Uniaxial strain tests, stress-stress response. "'
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Figure 47. Uniaxial strain tests, stress-strain response.
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Figure 48. Uniaxial strain tests, stress-stress response.
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Figure 59. Uniaxial strain tests, stress-strain response.
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Figure 52. Uniaxial strain tests, stress-stress response.
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Figure 53. Uniaxial strain tests, stress-strain response.
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Figure 55. Uniaxial strain tests, stress-strain response.
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Figure 57. Uniaxial strain tests, stress-strain response.
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Figure 58. Uniaxial strain tests, stress-stress response.
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MATERIAL PROPERTIES OF SELECT INTERFACE TUFFS

INTERFACE TUFF SUMMARY

Select "interface" tuffs from near the past Mighty Epic event were

tested to provide supplemental information on the interface region. The

samples were from holes UE12n#9, U12n.10 MH#1 and U12n.10 SSMG#3. Initial

characterization of this region is contained in an earlier Terra Tek

report*. Material testing included physical property and uniaxial strain

testing plus examination of individual specimens with a scanning electron

microscope. A list of physical properties is contained in Table 1.

Figures 1 through 4 show the individual uniaxial strain test curves.

Scanning electron microscope Dictures are shown in Figures 5 through 23.

Test samples exhibited considerable material variation. Stress

difference at 4.0 kbars confining pressure during uniaxial strain ranged

from 0.1 to 0.9 kbars and the resulting permanent volume compaction ranged

from 0.9 to 4.8 percent. The UI2n.10 MH#1 106' sample was friable and

prevented mechanical test sample oreparation.

The scanning electron microscope examinations revealed very few

microfractures.
4.

..-,

*

• Butters, S. W. and Green, S. J., "Progress Report One -- Material
Properties for Mighty Epic Experiment," Terra Tek Report TR 75-
36, June 1975.
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TABLE I

Physical Properties, Uniaxial Strain Permanent Volume Compaction
and Ultrasonic Velocities

DFOLL HOLE DENSITY (WtVC WATER POROSITY SATURATION CALC. MEAS.
FOOT Y T AIR PERMANENT

As- WEIGHT VOIDS COMP.
RMEIVED DRY GRAIN M, M L Maw

UE12n#9

1414' 1.84 1.47 2.41 20.0 38.8 94.7 2.1 4.8

U12n.10
MH#1

*1061 1.79 1.36 2.45 23.8 44.5 95.6 1.9 ---

107' 1.95 1.63 2.47 16.3 34.0 93.2 2.3 1.2

U12n.10
SSMG#3

1096 1.88 1.52 2.45 19.1 37.9 94.5 2.1 0.9
*111' 1.86 1.48 2.40 20.6 38.4 99.7 0.1 3.2

113' 1.95 1.61 2.48 17.4 35.2 96.3 1.3 2.6

* Core samples were received dry and were resaturated prior to

testing. i
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Figure 1. Uniaxial strain tests, stress-strain response.
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Figure 3. Uniaxial strain tests, stress-strain response.
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Figure 5. Scanning electron microscope photograph,
200X, on sample UE12#9-1414'.
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Figure 7. Scanning electron microscope photograph,
2000X, on sample UE12n#9-1414'.
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Figure 1. Scanning electron microscope photograph,
50X, on sample U2n.1 M0#1-106'.
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Figure 11. Scanning electron microscope photograph,
2000X, on sample U12n.1O MH#1-106'.

* Figure 12. Scanning electron microscope photograph,
50X, on sample Ul2n.1O MH'1-1O7'.
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Figure 13. Scanning electron microscope photograph,

S0OX, on sample U2n.1 riH#1-107'. A
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Figure 15. Scanning electron microscope photograph,
SOX, on sample Ul2n.1OA SSMG~i3-1O9'.
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Figure 16. Scanning electron microscope photograph,
500X, on samnle Ul2n.IOA SS,'IG=3-109'.
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Figure 17. Scanning electron microscope photograph,
2700X, on sample Ul2n.1OA SSMG#3-109'.

1 

*

FFigure 18. Scanning electron microscope photograph,
SOX, on sample Ul2n.1OA SSMG43-111'.

K 132



aOk

II

IV-

Figure 19. Scanning electron microscope photograph,
500X, on sample Ul2n.1OA SSMG#'3-111'.

A--J

Figure 20. Scanning electron microscope photograph,
2000X, on sample Ul2n.1OA SSMG#3-111'.
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Figure 21. Scanning electron microscope photograph,
50X, on sample U12n.1A SSMG~3-113'.
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Figure 23. Scanning electron microscope photograph,
2000X, on sample U12n.IOA SSMG#3-113'.
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CONTAINMENT EVALUATION
INTRODUCTION

Evaluation of the media around past nuclear events is necessary to

evaluate the material's response to subsequent nearby nuclear events. The

effects, if any, the dynamic shock loading has on the media's containment

.. potential are of primary concern*. Changes in both physical and mechanical

properties are required for this evaluation. Re-entry drill hole tuffs

from U12e and U12g tunnels were evaluated. The following drill holes

were evaluated:

U12e.20 DNRE#4

U12g R.S. #2, 3, and 4

U12g DNEX #1, 2

The materials were evaluated via physical property, uniaxial strain

and dry sample permeability (to gas) tests. Additionally, select samples

were examined with the scanning electron microscone.

* Previous evaluation of the affects of the Dining Car event are contained
in Terra Tek report, TR 77-96, November 1977.
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-0 TEST RESULTS

Drill Hole U12e.20 DNRE#4

Physical properties, uniaxial strain measured permanent compaction,

ultrasonic velocities and permeabilities are listed in Table 1. Uni-

axial strain test curves are shown in Figures I through 4. Appendix A

contains scanning electron microscope (SEM) photographs of select samples.

Physical property and uniaxial strain tests suggest air void contents

from 2 to 4 percent. The SEM photographs showed microfractures (-10

microns wide) in the material. These probably account for a portion of

the "foot" (and hence apparent air void content) seen on the stress-

strain response of the uniaxial strain test (documented in previous liter-

ature*).

Permeability varied considerably, ranging from 0.2 to 194.0 milli-

darcies. As expected, gas-flow occurred primarily along fractures as

verified by submersing the test samples under water and observing the

exit pattern of the gas bubbles.

TABLE 1

Physical Properties, Uniaxial Strain Measured Permanent Compaction,
Ultrasonic Velocities and Permeabilities for U12e.20 DNRE#4 Tuff Samples

ORILL HOLE OENSITY (mc,) WATER POROSITY SATURW4I, CALC. MEAS. VELOCITY DRY SAMPLE
BY WIET W W AM PERMANENT (km/,Oc) PERMEABILITY

rAS- WEIGHT VOIDS OP. (GAS)
12e.20 GAIN DRY VAIN LONG SHEAR mdarcy

DNRE4

162 1.77 1.41 2.40 20.6 41.5 37.8 5.0 2.3 2.32 1,01 1.5

165 1.77 1.40 2.43 21.0 42.6 86.7 5.7 3.6 1.91 0.93 ).2

173 1.79 1.35 2.43 24.7 44.6 99.0 0.4 3.0 2.21 0.02 I

180 1.72 1.31 2.42 23.8 45.8 89.4 4.9 3.9 1.77 0.78 .0

185 1.79 1.41 2.39 21.1 41.0 91.9 3.3 3.1 2.37 1.03 1 .

196 1.78 1.35 2.48 24.1 45.5 94.6 2.4 2.1 2.02 0.62 11. 3

207 1.75 1.31 2.46 25.5 47.0 95.1 2.3 --- 1.68 0.71 194

* Obvious fracture permeability.

Gardiner, D. S. and S. W. Butters, "Some Material Properties for the

Hybla Gold Event," Terra Tek Report TR 77-46, June 1977.
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Figure 2. Uniaxial strain tests, stress-strain response.
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" Drill Holes U12g R.S.#2, 3, 4 and DNEX#1, 2

Physical properties, uniaxial strain measured permanent compaction,

ultrasonic velocities and permeabilities are listed in Table 2. Indivi-

dual uniaxial strain curves are shown in Figures 5 through 18. Test re-

sults indicate the R.S. holes to have very similar properties. Air void

contents are consistent at about 2 percent and stress difference observed

at 4.0 kbars confining pressure averaged 0.28 kbars.

The DNEX drill holes exhibited much more variation in air void con-

tent and strength. Air void contents ranged from -0.5 to -7.0 percent

and stress difference at 4.0 kbars ranged from 0.16 to 0.81 kbars. The

0 material variation was also apparent in the permeability which varied

from 0.1 to 3.4 millidarcies. Microfractures were evident in some

.* - samples (see Appendix A for SEM photographs of DNEX drill hole samples).

TABLE 2

Physical Properties, Uniaxial Strain Permanent Volume Compaction
and Ultrasonic Wave Velocities of U12g Tunnel Tuffs

DRIL 4484* 89wy ww" VAT" PO0IW99ONIC CALC MES msy GAS PERMEABILI TY
or5 Wa MW f IRfD'RY SAMPLE)

S WN wo vo ~ . . I I Ir O 8 P m LT

-- - ""4 -I W "M"

24 1. 92 1.56 2 10 18.6 37.5 9.3 3. 9 38 2,58 7.35 "
43 2.01 1.49 2 16 199 323 96 3.8 3.8 2 77 10

73 19O 1.53 2.88 39,7 385 97.3 1.1 135 3.83 327
323 1•78 132 2.43 25.2 49.6 97 4 ,2 3,9 3,73 1.16

37 1.87 1.35 2.4 3.3 38.2 933 .6 1, 38e3 131 .

5 3 93 3 .57 2' 51 38 7 37 5 96 3 .7 09 53

303 1.89 1.54 2.38 16 6 15.4 9 3 3 2 3 8 2 .67 3 34
312 3.77 3.83 2.38 39.3 389 870 9 4 1 ! .a" 1 2'339 3.78 1.44 2,44 38.9 40.9 81.9 7 8 9 8 .69 3.38 0.3
341 1.77 1.42 2.43 20.0 41.6 84 9 6 2 3 1.6 I 17 47 7 4 1
380 1.78 1.45 2.36 18.7 38A R. 8 5.: 5.9 3.75 2.13 2 2

•

7 .96 3. 9 2.57 18.3 382 99 8 0 5 3 8 3 4 2 
•

92 1.8 3.5 2.4 0. 390 90 8 34 3 33 .
3 18 3.8 3.65 Z. 20.9 41 3 9. 2 31 .1 2. 5 .28 0 9
l18 .2 1.57 248 8.3 3i .9.4 " 1 7 0.9 3.02 1.42 0 3

128 2.03 1.78 2.49 32.2 29. 87LO 1.7 2. 1 03 1.52 0 z

• Obvious fracture permeability.
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Figure 5. Uniaxial strain tests, stress-strain response. .
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Figure 6. Uniaxial strain tests, stress-stress response.
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Figure 9., Uniaxial strain tests, stress-strain response.
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Figure 10. Uniaxial strain tests, stress-stress response.
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Figure 15. Uniaxial strain tests, stress-strain response.
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Figure 17. Uniaxial strain tests, stress-strain response.
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APPENDIX A
SCANNING ELECTRON MICROSCOPE PHOTOGRAPHS

OF DRILL HOLES Ul2e.20 ONRE #4 AND Ul2g. DNEX #1,2

Figure A2. Scanning electron microscope photograph,
lOOX, on sample Ul2e.20 DNRE#4-162'.
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Figure A4. Scanning electron microscope photograph,
lOOX, on sample Ul2e.20 DNRE#4-180'.
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Figure A5. Scanning electron microscope photograph,
iQOOX, on sample Ul2e.20 DNRE#4-180'.

Fiqure A6. Scanning electron microscope photoqraph,
* 500X, on sample Ul2e.20 DrIRE#4-185'.
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Figure A8. Scanning electron microscope photograph,

iQOOX, on sample Ul2e.20 DNRE#4-185'.9
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Figure A9. Scanning, electron microscope photograph,
10OX, on sample Ul2e.20 DNRE#4-.207'.

Figure A10. Scanning electron microscope photograph,
lOOX, on sample IUl2e.20 fNRE#4-207'.
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Figure All. Scanning electron microscope photograph,
200X, on sample Ul2e.20 DNRE#4-207'.

IA

Figure A12. Scanning electron microscope photograph,
* 1000X, on sample Ul2e.20 DNRE#4-2O7'.
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Figure A13. Scanning electron microscope photograph,
200X, on sample Ul2g DNEX#1-303'.

Figure A14. Scanning electron microscope photograph,

* 500X, on sample lUl2g DNEX#1-3O3'.
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Figure A15. Scanning electron microscope photograph,
500X, on sample Ul2g DNEX#1-303'.

Figure A16. Scanning electron microscope photograph,.
*200X, on sample Ul2g DNEX#1-312'.
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Figure A17. Scanning electron microscope photograph,
200X, on sample Ul2g DNEX#1-312'.
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Figure A19. Scanning electron microscope photograph,
lOOX, on samole Ul2g DNEX41-361'.

Figure A20. Scanning electron microscope photograph,
* 500X, on sample Ul2g DNEX#1-361'.
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Figure A21. Scanning electron microscope photoqraph,
500X, on sample Ul2g DNEX#1-361'.

2

Figure A22. Scanning electron microsco~e photograph,
200X, on sample Ul2g DNEX-42-74'.
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Figure A23. Scanning electron microscope photograph,
200X, on sample Ul2g DNEX#-2-74'.
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Figure A25. Scanning electron microscope photograph,
20OX, on~ sample U12g DNEX2-108'.

00 6

Figure A26. Scanning electron microscope photograph,
* 200X, on sample Ul2g DNEXA2-1OS'.
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EXPLORATORY DRILL HOLES IN
U 12n. 11 TUNNEL

INTRODUCTION

The U12n.11 tunnel is the prospective site of the future Miner's

Iron event. Material property characterization has been conducted on

both vertical and horizontal drill holes and tuff overcore samples to 0

evaluate the site's potential as a test site. Physical and mechani-

cal properties on cores from the following drill holes and overcores

have been determined:

Ul2n.11 UG#2 horizontal drill hole

UE12n#11 vertical drill hole

Ul2n.11 O.C.#4 tuff overcore

The location of these drill holes relative to the tunnel layout

is shown below in Figure 1.

J-~ ~ 2 --'10C"-'

• Figure 1. Plan view of Ul2n.ll tunnel complex. .

"162S ' -- C:? :i: :::::: " ./ a:iili~i: :
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TEST RESULTS

Ul2n.11 UG#2 Horizontal Drill Hole

Physical properties, uniaxial strain measured permanent compaction, 71
and ultrasonic velocities are listed in Table 1. Figure 2 shows the

stress difference observed at 4.0 kbars confining pressure during uni-

axial strain as a function of drill hole footage. Individual uniaxial

strain test stress-strain and stress-stress curves are shown in Appendix

A.

Physical property tests indicate a region of low density and high

porosity between footages 702 and 821 feet. The difference in physical
I@

properties is also reflected in both the ultrasonic velocity data and

the uniaxial strain test results. Both velocity and strength are lower

in this region. A comparison of select data is shown in Table 2 between

this region and the remainder of the drill holes.

Physical properties and ultrasonic velocities correspond well with

the mechanical test data throughout the entire drill hole and no regions

of unusually high air void contents were observed. -

UE12n#11 Vertical Drill Hole
]

Physical properties, uniaxial strain measured permanent compaction, I

and ultrasonic velocities are listed in Table 3. Figure 3 shows the

stress difference observed at 4.0 kbars confining pressure during uniaxial

strain as a function of drill hole footage. Individual uniaxial strain

test curves are shown in Appendix B. Physical property tests indicate a
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TABLE 1

Physical Properties, Uniaxial Strain Measured Permanent Compaction,
and Ultrasonic Velocities for Ul2n.11 UG#2 Tuff Samples

DRILL MOLIE DENSITY WhAc3 VTER POROSITY STI.VTIW cALc M* 4AITT
WY WET AN

U62J W DRY GRAIN MW LONWG IHE

338 1.88 1.54 2.42 18.1 36.4 93.3 2,5 1.0 2.80 1.36
342 1.80 1.40 2.44 22.5 42.8 94.6 2.3 1.7 Z.67 1.22

352 1.93 1.61 2.41 16.3 33.1 94.9 1.7 1 0 3.54 1.92"--

362 2.06 1.84 2.38 10.6 22.9 95.0 1.1 0 1 3.74 2.15
371 2.04 1.81 2.39 11.2 24.4 93 8 1 5 0.2 3.65 2.06

382 2.06 1.81 2.38 11.6 73.9 99.7 0.1 .? 3.66 2.11

390 1.92 1.59 2.40 17.5 33.9 99.3 0.2 2.6 3.15 1.58
400 1.94 1.61 2.42 17.2 33.7 99.0 0.3 2.9 3.11 1.53
411 1.92 1.59 2.38 17.6 33.2 100.0 0.0 2.5 3.28 1.66

420 1.90 1.53 2.41 19.2 36.6 99.5 0.2 2 3 3.09 1.46
429 1.91 1.57 2.37 17.5 33.7 99.1 0.3 ?.2 3.19 1.72

441 1.91 1.58 2.42 17.5 34.8 95.7 1.5 1.1 2.97 1.33
449 1.96 1.63 2.45 16.8 33.4 98.5 0.5 1.9 3.09 1.28

461 1.92 1.57 2.42 18.1 34.9 99.3 0.2 0.9 3.15 1.62

470 1.88 1.50 2.41 19.9 37.6 99.4 0.2 1.1 2.83 1.34
479 1.88 1.51 2.40 19.9 37.3 100.0 0.0 0.9 2.85 1.29
468 1.86 1.46 2.44 21.5 40.4 98.6 0.6 0.8 2.62 1.23

500 1.85 1.46 2.42 20.9 39.6 97.5 1.0 0.9 3.00 1.50
512 1.86 1.47 2.45 21.1 40.1 98.1 0.7 1.5 2.73 1.20
519 1.89 1.54 2.40 18.3 35.9 96.4 1.3 1.1 3.22 1.70
529 1.92 1.57 2.42 18.1 35.0 99.4 0.2 1.3 2.88 1.38
541 1.92 1.58 2.41 17.8 34.7 98.3 0.6 1.2 3.04 1.53
549 1.93 1.60 2.40 17.1 33.5 98.4 0.5 1.2 3.10 1.54
559 2.08 1.86 2.44 10.4 Z3.8 90.7 2.2 0.2 3.96 2.30

570 1.91 1.59 2.38 17.1 33.2 98.4 0.5 1.4 3.35 1.90
580 1.98 1.68 2.41 14.3 30.2 92.9 2.1 --- 3.94 2.21
591 1.82 1.40 2.42 23.0 41.9 100.0 0.0 2.0 2.53 1.21

609 1.90 1.54 2 40 19.0 35.8 100.0 0.0 2.2 3.29 1.76
623 1.81 1.41 2.41 21.9 41.4 95.8 1.8 2.0 2.68 1.34

631 1.74 1.32 2.40 24.5 45.3 94.0 2.7 1.3 2.30 1.05

641 1.93 1.62 2.44 16.3 33.8 93.0 2.4 1.6 3.08 1.54
650 1.79 1.38 2.43 22.7 42.9 94.5 2 4 0.7 2.96 1.50
661 1.93 1.63 2.37 15.5 31.1 959 1.3 0.9 3.54 1.94
669 1.80 1.40 2.35 22.2 40.4 99.2 0.3 0.9 2 92 1.46

680 1.88 1.52 2.44 19.1 37.7 95.3 1.8 0.2 2.87 1.28
689 1.94 1.63 2.44 16.3 33.4 94.5 1.8 --- 3.02 1.41

702 1.78 1.38 2.35 22.5 41.4 96.4 1.5 1.0 2.80 0.93

712 1.76 1.34 2.37 23.8 43.5 96.1 1.7 1.7 3.14 1.53

724 1.87 1.55 2.34 17.0 33.7 93.9 2.1 0.6 2.86 1.22
735 1.72 1.24 2.35 27.5 47.0 100.0 0.0 1.8 2.80 1.13 •

741 1.73 1.34 2.31 22.7 42.1 93.2 2.9 1.2 2.48 0.94

748 1.70 1.24 2.33 26.9 46.7 98.1 0.9 2.0 2 68 1.07
758 1.72 1.26 2.43 26.5 47.9 95.1 2.3 3 7 2.74 1.13
770 1.75 1.32 2.43 24.5 45.8 93.4 3.0 1 1 2.64 1.16
778 1.73 1.29 2.39 25.3 46 0 95.5 2.1 1.2 2.55 0.97
792 1.76 1.34 2.34 23.7 43.2 98.6 3.5 1.9 2.72 1.14
800 1.71 1.27 2.36 25.6 46.3 94.3 2 7 0.8 2.60 1.13

809 1.69 1.22 2.33 27.7 47.6 98.1 0 9 1 5 249 0 76 0
821 1.72 1.29 2.35 24.9 45.1 94.9 2 3 1.6 2.39 0.70

832 1.95 1.62 2.41 16.9 32.7 100.0 0.0 1.6 2 89 1.15

846 1.96 1.64 2.41 16.3 31.9 100.0 0.0 0.7 2.% 1 47

865 1.92 1.58 2.40 17.8 34.2 99.8 0.1 0 5 .331 1.83
884 1.95 1.62 2.42 16.8 32.9 94.4 0.2 0 7 2.83 141

90S 1.96 1.63 2.42 16.7 32.5 100.0 0.0 3 0 3.04 1.46

924 1.95 1.62 2.42 17.0 33.1 100.0 0.0 2.0 2 94 1.47
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UNIAXIAL STRAIN TESTS UI2n.II UGW2

2.0

0

;Io 000'0 n

6 0

0 ) 0 0
0 I I I I 1

300 400 500 600 700 800 900

DRILL HOLE FOOTAGE,. FT.

Figure 2. Stress difference observed at a3=4.0 kbars during uniaxial
strain testing as a function of drill hole footage.

TABLE 2 "j

Ul2n.11 UG#2 Average Material Properties

338'-689', 832'-924' 702'-821'

Stress Difference @ U3 = 4.0 kb (kbars) 0.62 0.17

As-Received Denisty (gm/cc) 1.91 1.74

Total Porosity (%) 34.5 44.3

Saturation (%) 97.3 95.8

Longitudinal Velocity (km/sec) 3.09 2.68
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TABLE 3

Physical Properties, Uniaxial Strain Measured Permanent Compaction,

and Ultrasonic Velocities for UE12n#11 Tuffs
DRILL HOLE UENSITY (gmicc) WATiER POROSITY SATURATION CALC. MEAS VELOCITY
FOTAGE BY WEAS- AIR PERMAE]T (km/ Oe)

I OOT AS- WEIGHT VOIDS COMP.
RBIVED DRY GRAIN LONG SHEAR

1081 1.94 1.59 2.47 18.1 35.7 98,3 0 6 1.8 3.10 1 31
1096 1.83 1.43 2.49 21.9 42.6 94.0 ?.5 2.1 2.90 1.30
1109 1.78 1.33 2.49 25.4 46,7 96.9 i,5 2 2 2.53 1.?2
1126 1.90 1.56 2.46 17.8 36 5 92.5 2.7 0.7 3 18
1139 1.94 1.61 2,47 16.8 34.7 93.6 2.2 0.1 3.18 I.2
1155 1.91 1.58 2.48 17.2 36.1 90.8 3.3 2.8 3.11 i..['
1169 1.84 1.49 2.40 19.2 38.1 92.8 2.7 2.2 3.16 1.56
1186 1.86 1.50 2.37 19.2 36.7 96.7 1.2 1.3 3.02 l.A
1201 1,93 1.59 2.48 17.4 35.9 93.6 2.3 1.6 2.83 1.27
1211 1.93 1.59 2.47 17.6 35.6 95.3 1.7 0.2 1.99
1225 1.79 1.41 2.38 21.5 40.8 94.5 2.2 3.0 2.50 1.19
1237 1.85 1.51 2.39 18.6 36.9 93.1 2.5 0.6 1.83
1250 1.86 1.52 2.42 18.3 37.0 91.8 3.0 2.1 2.87 1.43
1265 1.89 1.54 2.41 18.3 36.0 96.2 1.4 1,7 2.87 1.35
1276 1.95 1.63 2.51 16.4 35.0 91.3 3.0 2.0 2.94 1.10
1285 1.80 1.40 2.38 22.0 41.1 96.1 1.6 1.9 3.84 1.22
1295 1.93 1.59 2.44 17.8 34.9 98.4 0 6 1.1 2.72 1.33

* 1307 1.91 1.57 2.47 18.0 36.3 94 8 1.9 0,9 2 72 1.22
1317 1.92 1.57 2.46 18.0 36.1 95.5 1.6 1.3 3.38 1.69
1329 1.90 1.60 2.41 15.9 33.6 90.1 3.3 2.3 3.45 1.64
1342 2.05 1.78 2.50 13.2 28.9 93.2 2.0 0.6 3.02 1.33
1354 1.94 1.63 2.40 16.0 31.9 97.6 0.7 0.7 3.49 1.30
1367 1.91 1.57 2.46 18.0 36.4 94.3 2.1 1.3 2.93 1.35
1380 1.86 1.48 2.41 20.4 38.7 97.8 0.8 1.7 2.17 0.75
1390 2.04 1.75 2.48 14.4 29.6 98.9 0.3 0.3 3.00 1I.t7

ID 12 I -

UNIAXIAL STRAIN 'JEiZeii

o1 10 0

1.-
b

w 0.5

0 .
0*0

0 A

0 1050 1100 1150 1200 1250 1300 1350 1400

DRILL HOLE FOOTAGEI, FT.
* Figure 3. Stress difference observed at a3=4.0 kbars during uniaxial

strain testing as a function of drill hole footage.

166



4!

fairly uniform tuff exhibiting only slight physical property changes with9
depth. The bulk density and ultrasonic velocities exhibited slight in-

creases with increased depth while the porosity showed a small decrease.

percent with a few samples at about 3.0 percent.

Uniaxial strain tests indicate the region below the 1250 foot depth

to be stronger than the region above. Stress difference at 4.0 kbars

confining pressure averaged -0.3 kbars from 1081 to 1250 feet and -0.6

kbars from 1250 to 1390 feet (see Figure 3). Measured permanent compac-

tion resulting from the uniaxial strain loading compared well with the

calculated air void content.
4I

U12n#11 0.C.#4 Overcore

Results of the triaxial compression tests at 69 bars confining pres-

sure on the U12n#11 0.C.#4 overcore are shown in Figure 4. The measured

shear strength (T) for footages 9.4 and 10.5 feet were 0.18 and 0.12

kbars, respectively. The shear moduli, computed from the Young's modulus

and Poisson's ratio were 28 and 22 kbars, respectively.

-J
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THMAXIAL COMPRESSION uzMRS1 O.C.9q
me 6O9. 0

v 0.36

005

0.25 0 0.5 1.0 1.8
-~TRANSVER SE C1J % STRAIN AXA CA, %

Figure 4. Triaxial compression tests.
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APPENDIX A
UNIAXIAL STRAIN TEST CURVES FOR U12n. 11 UG#2 TUFFS
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Figure A3. Uniaxial strain tests, stress-strain,2,,, response..i
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Figure A5. Uniaxial strain tests, stress-strain response.
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Figure A9. Uniaxial strain tests, stress-strin response.
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Figure A13. Uniaxial strain tests, stress-strain response.
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Figure A15. Uniaxial strain tests, stress-strain response.
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Figure A18. Uniaxial strain tests, stress-strain response.
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Figure A20. Uniaxial strain tests, stress-strain response.
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Figure A22. Uniaxial strain tests, stress-strain response.
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Figure A28. Uniaxial strain tests, stress-stress response.
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Figure A29. Uniaxial strain tests, stress-strain response.-,
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Figure A31. Uniaxial strain tests, stress-strain response.

UI2n.1I UG#2

064

-d 066

04

00

CONFINING PRESSURE. 0',. KDARS

Figure A32. Uniaxial strain tests, stress-stress response.
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APPENDIX B
UNIAXIAL STRAIN TEST CURVES FOR UE12n#11 TUFFS
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Figure B1. Uniaxial strain tests, stress-strain response.
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Figure B5. Uniaxial strain tests, stress-strain response.
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Figure B6. Uniaxial strain tests, stress-stress response.
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RESIDUAL STRESS IN THICK-WALLED 9
CYLINDERS OF ASH-FALL TUFFS

SUBJECTED TO INTERNAL PRESSURIZATION

ABSTRACT

Field stress measurements suggest that residual stress fields are

formed during the creation of an underground nuclear cavity. Laboratory

experiments, designed to investigate the possibility of creating resi-

dual stresses have been undertaken in an effort to verify this phenomenon.

Internal pressurization tests (burst tests) on thick-walled tuff and grout

cylinders have been used in initial efforts to produce residual stresses.

During initial testing, residual stresses were successfully formed in

grout samples but not in tuff samples. Continued testing on the tuff

samples have since produced residual stresses in tuffs as well. This

report summarizes the results obtained in the recent tuff tests.
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PROGRESS SUMMARY

Since no residual stresses were observed in the initial tuff tests*,

additional tests were conducted at increased stress levels. A second

group of tuff samples from the U12n.10A TRCX#1 and #2 drill holes were

chosen. After failing three samples unconfined, two samples from each

drill hole were pressure cycled while confined at 70 bars (compared to

the earlier 30 bars) and subsequently burst unconfined. Results of the

test series are shown in Tables 1 and 2.

TABLE 1

Uncycled Tuff Burst Pressure Data

Internal Pressure Cycle Pressure at Failure
Diameter

Sample Designation External Internal External Internal Ratio
U12n.10A (bars) (bars) (bars) (bars) (Do/Di) Comments

TRCX#1 -100' -- -- 0 47 6.25/1 Unconfined burst*

TRCX#2 - 35' -- -- 0 47 6.25/1 Unconfined burst

.... 0 36 6.25/1 Unconfined burst

* All internal bores were jacketed.

TABLE 2

Cycled Tuff Burst Pressure Data
Internal Pressure Cycle Pressure at Failure

Diameter
Sample Designation External Internal External Internal Ratio
U12n.10A (bars) (bars) (bars) (bars) (Do/Di) Comments

TRCX#1 -100 30 110 0 43 6.25/1 Internal oressure cycled while
confined; burst unconfined*

70 220 0 72 6.25/1 Internal pressure cycled while

confined; burst unconfined

TRCX#1 -35' 70 240 0 47 6.25/1 Internal pressure cycled while

confined; burst unconfined
70 240 0 42 6.25/1 Internal pressure cycled while ,.S

confined; burst unconfined

All internal bores were jacketed unless noted otherwise.

* Enniss, D. 0., and S. W. Butters, "Residual Stress in Thick-Walled Cylin-

ders of Ash-Fall Tuffs and Tuff Matching Grouts Subjected to Internal
Pressurization," Terra Tek Report TR 76-67, December 1976.
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Only one sample indicated any increase in the unconfined burst pres-

sure. Another set of tests were therefore conducted to include several

more data points and at increased stress levels.

Nine samples from U12n.11 UG#2 drill hole were prepared and tested.

Four samples were burst unconfined and five samples were pressure cycled

while at 500 bars confining pressure and subsequently burst unconfined.

Results are shown in Tables 3 and 4.

TABLE 3

Uncycled Tuff Burst Pressure Data

Internal Pressure Cycle Pressure at Failure
Diameter

External Internal External Internal Ratio
Sample Designation (bars) (bars) (bars) (bars) (0/Di) Comments

U12n.11 UG#2 .... 0 51 6.25/1 Unconfined burst*
-10001

-- -- 0 45 6.25/1 Unconfined burst

.... 0 50 6.25/1 Unconfined burst

... 0 43 6.25/1 Unconfined burst

* All internal bores were jacketed.

TABLE 4

Cycled Tuff Burst Pressure Data

Internal Pressure Cycle Pressure at Failure
Diameter

External Internal External Internal Ratio
Sample Designation (bars) (bars) (bars) (bars) (0/0i) Comments

U12nln.11 UG#2 500 675 0 118 6.25/1 10 minutes*

-1000 500 675 0 150 6.25/1 10 minutes

500 675 0 44 6.25/1 20 minutes

500 675 0 9 6.25/1 10 minutes

500 675 0 390 6.25/1 2 minutes

Time delay between internal pressure cycle and unconfined burst.

19
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Results indicate an increase in burst pressure in three of the five

cycled samples. One sample exhibited no increase in burst pressure and

another showed a decrease (thought to be a result of partial failure

caused by the pressure cycle). The test results also suggest a possible

stress relaxation with time. Note that as the time period between the

pressurization cycle and the unconfined burst increases, the burst pres-

sure decreases. Planned future tests include repeating more cycled tests

(03 = 500 bars) on the sample UG#2 tuff with consistent time periods

between the cycle and the burst. If these samples produce consistent

burst pressure increases, a text matrix will be developed to address the

time dependence.

I

• " 199-

i. 
1

- -.- -. .- • .. .- -- . . " . .. .... . ." - . " . . - . - . i
I



PROPERTIES OF RECONSTITUTED TUFF
ABSTRACT

To attain maximum utilization of facilities, it is desirable to

site nuclear tests closer together than previous practice. For this

reason, it is important to characterize the "rubble zone" which exists

in the "chimney" regions of previous events. The "rubble zone" is a

highly broken region of material which is a result of cavity growth

followed by cavity collapse and subsequent plunge downward of tuff above

the cavity. Since representative materials from this region are impossi-

ble to obtain, test samples have been constructed from crushed tuff re-

compacted to typical "chimney" densities. This report summarizes the

progress made in testing "reconstituted" Paintbrush tuff samples of

varying sample sizes. The work is a follow-on to an initial effort

previously reported by Terra Tek*.

Gardiner, D. S., and S. W. Butters, "Physical and Mechanical Properties
of Reconstituted Tuff," Terra Tek Report TR 77-94, October 1977.
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PROGRESS SUMMARY

The reconstituted tuff test program requires several tests to

evaluate parameters such as particle size, sample size, density and

tuff type. This summary reports initial efforts in evaluating effects

of sample size on material properties such as shear strength, elastic

moduli and permeability.

Paintbrush tuff was chosen as the first tuff type because it is

often times the material in which the "chimney" is contained. The

target test density, thought to be representative of the chimney material,

was -1.65 gm/cc. Sample diameters of 2, 4 and 6 inches were chosen to

examine the sample size effects on inch minus particle size samples.

Sample Fabrication Techniques

The Paintbrush tuff used in the test program was received in an

undersaturated condition. On receipt, all material was immersed in

water and saturated to 97-100 percent. Physical property measurements

conducted on twelve random samples indicated an average bulk density of

1.75 _ 0.05 gm/cc.

Molds and dies for the three sample sizes were designed and fabri-

cated and the jaw crusher was modified to produce inch minus particle

size tuff. After crushing, the material was poured into an empty jacket,

affixed to an endcap, supported laterally by the cylindrical mold, and

compacted with -2000 psi axial stress in layers to a predetermined density

(1.6-1.7 gm/cc). After obtaining the desired length, the other endcap

was sealed to the jacket of the specimen.
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Physical property measurements were conducted on the fabricated

samples to confirm the pre-test density. Post-test measurements indi-

cate that the test samples were 80-85 percent saturated with 7-10 per-

cent air voids. The reduction in water content (from 97 to 100 percent) j
undoubtedly resulted from the sample fabrication process. Particle size

- distribution analysis were also conducted to evaluate particle breakdown

resulting from sample fabrication. Figure 1 shows typical particle size

distribution curves after the material was crushed and placed in the

sample configuration.

Mechanical Tests

4 inch diameter samples -- Three 4 inch diameter inch minus parti-

cle size samples were tested. Volume strain curves during hydrostatic

compression to 69.0 bars confining pressure are shown in Figure 2.

Figure 3 shows the individual triaxial compression stress-strain curves

and Figures 4, 5, and 6 show the post-test gradation analyses. Volume

strain resulting from the hydrostatic compression was 3-5 percent. Sub-

sequent triaxial compression tests indicate a shear strength of

approximately 55 bars. The shear moduli, computed from the stress-

strain curves, ranged from 3 to 6 kbars. Gradation analysis indicate

further particle breakdown during triaxial compression.

6 inch diameter samples -- Three 6 inch diameter inch minus parti-

cle size samples were also tested. Two of the three samples leaked
II

during hydrostatic compression. Hydrostatic compression volume strain

and triaxial compression stress-strain curves for the successful

test sample are shown in Figures 7 and 8 respectively. Figure 9 shows

I7

202

I



0 C

4 c)

ui 4-)4-

GJJ 4-

-f o- a- 0) -.

> -0

w

wn Q

u 0-E 1t

LL. 4-- w

'rF In

-- $- S- 4(D m

o 0 0 0 0 0 0 0S w r.. 40 In q u'i

* .HOIWM A8 83NIJ LN3083d

2031



NYOROSTATIC COMPRESSIOIN RECONSTITUYEO TUFF

I/2" MINUS PARTICLE SIZE

4"DIAMETER 71/2' LENGTH

op. *S 7 04

b,5

0 2 461

6VOLUME STRAIN. AV/V 0 . %

Figure 2. Volume strain curve for reconstituted (1/2 inch minus
p article size) 4 inch diameter tuff sample.

TEIAXIAL COMPRESSION RECONSTITUTED TUFF

OS- 00.0 BARII WEI" MINUS PARTICLE SIZE

4" DIAMETER ?1/2' LENGTH

IT ISO

r*

TRANSVERSE. (T. %. $TRAIN AXIAL.E.

*Figure 3. Triaxial compression results for reconstituted (1/2 inch minus
particle size) 4 inch diameter tuff sample.
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particle size) 6 inch diameter tuff sample.
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the post-test gradation analysis. Volume strain resulting from the

hydrostatic compression was about 3 percent. Shear strength ( l a) was

somewhat higher (-85 bars) than the observed in the 4 inch diameter samples

(-50 bars). Shear modulus was -3 kbars. The gradation analysis indicates

similar particle breakdown to that observed in the 4 inch diameter samples.

2 inch diameter samples -- To date no 2 inch diameter samples have

been tested. Present plans are to repeat two more 6 inch diameter

samples before proceeding to these tests.

Permeability Tests (Gas)

Work had only just begun on the permeability tests at the end of this

contract year. Permeabilities on the order of 25 millidarcies were mea-

sured on inch minus particle size 4 inch diameter samples. These mea-

surements were obtained on wet reconstituted Paintbrush tuff samples (pre-

pared via the same technique as the mechanical samples except to a 4 inch

length). Further tests are planned on other sample sizes.
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ULTRASONIC VELOCITIES AS A
FUNCTION OF FRACTURING

ULTRASONICS VELOCITIES AS A FUNCTION OF FRACTURING

A total of three (3) samples have been tested since the last report

(February 1978). The samples were from hole U12n.05 UG#4; 1382, 1384 and

1390 ft.

The objective of these tests was to determine if the velocity re- --

duction observed during dilatancy remained when the stress difference

was removed from the damaged sample. The first samole (1382') failed

abruptlyduring unloading, resulting in the loss of all signals through

the rock.

The second test (1384') was much more successful. After applying

a confining pressure, a shear stress was applied until about a 15 per-

cent reduction in the p-wave velocity was observed (see Figure 1, Point

3). The shear stress was then reduced along with the confining pressure

until the sample was at atmospheric conditions (Point 4). After the sample

had remained undisturbed for more than twelve hours, the p-wave velocity

had decreased further (Point 5). When the hydrostatic confining pressure

was increased to 1000 psi the p-wave velocity did increase, but only to a

value approximately 35 percent below the undamaged value (Point 6). Un-

fortunately, the s-wave signal amplitudes were reduced to the point where

measurements could not be taken after the initial fracturing of the sample.

However, the last reading showed a reduction of 21 percent in the horizontal

polarized (perpendicular to the plane of the applied stress) s-wave veloc-

ity, while the vertical polarized (in the plane at the applied stress)

only reduced by a little more than 6 percent (see Figure 2).

2111'-211 I1
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The third test (1390') was to be similar to 1384' except the con-

fining pressure was to be maintained at 1000 psi after the load cycle

to determine the extent, if any, of healing (velocity increase). As

can be seen from Figure 3, the shear stress was applied until the p-wave

velocity dropped 16 percent (Point 3); however, during unloading, the

sample was damaged further starting at Point 4. By the time the sample

was back to atmospheric pressure (Point 5) the p-wave velocity had de-

creased a total of 25 percent. The confining pressure was increased to

1000 psi, resulting in an increase in velocity (Point 6). The intent

was to leave the cimple at this confininq pressure for two days but due

to a minute leak, the pressure dropped to zero during the two day period.

Point 6 indicates the measured p-wave velocity when the confining pres-

sure was again increased. The final value was approximately 24 percent

below that of the virgin material. An additional test is planned in which

the confining pressure will be held constant during the period after the

load cycle. As in the previous test, the s-wave signals became too weak - .i -.

to measure.

These data suggest that once fracturing has occurred (as evidenced

by dilatancy), the samples does not regain its' original acoustic pro-

perties. These tests were, however, short term in a geologic sense, and
4

long term ("creep") tests would be required to further define this behavior.

Future tests are also planned to determine the effects on the amplitude I
and velocity of the acoustic wave as a function of wave length as the

4

material is fractured.
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SPECIFIC RETENTION TESTS ON TUFF

ABSTRACT

Because of the requirement to know the gas-filled void content of

tuff material to a high degree of accuracy, tests were conducted to

evaluate the possibility of fluid invasion during drilling. Apparent .

"wet" tuff samples were placed in a 100 percent humidity environment to

determine if the samples would gain moisture.

Additionally, "dry" tuff samples were also placed in the high humidity

environment to determine if they would return to their original "in situ"

moisture content. Previous work has shown that dry samples placed in a

near 100 percent relative humidity environment gain weight (moisture) to

the suspected in situ condition.

']
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PROGRESS SUMMARY

Twenty wet samples from drill hole UE12n#8 were oven dried at 105° ---

in order to determine their in situ moisture content. The average per-

cent moisture loss (by dry weight) resulting from drying was 25 + 10

percent. The samples were then placed in a room temperature 96 percent

relative humidity environment for resaturation. After 17 days in the

humidity chamber, the percent moisture gain (by dry weight) averaged

5.7 ± 1.5 percent with no appreciable moisture gains observed after the,

third day (see Figure 1).

Previously tested dry samples from drill hole UE12n#9* produced

considerably different results. Percent moisture gains for these samples :1
ranged from 20 to 50 percent for the same time period (suspected to be

the in situ moisture content). A possible explanation for the

difference in moisture gains is the difference in relative humidity. The

relative humidity was 100 percent for the UE12n#9 tuffs while it was

only 96 percent (maximum for our in-house chamber) for the UE12n#8 tuffs.

Porosities were also somewhat different between the two drill holes. The

porosities averaged 42 and 60 percent for UE12n#8 and UE12n#9 tuffs, res-

pectively. The lower porosity in the UE12n#8 tuffs might have restricted 9
water absorption into the samples. If this was the case, however, one

might expect the samples to be drier in the center than near the surface.

Subsequent tests comparing the percent moisture of the surface tuff and

tuff from the sample centers indicated no difference in moisture content.

•Dropek, R. K., Butters, S. W., Jones, A. H., "Specific Moisture Reten- i)

tion of Nevada Test Site Tuffs," Terra Tek Report TR 76-35, July 1976.
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-" The difference in results then appears to be the 4 percent difference in

relative humidity.

Present plans are to repeat the test program in a 100 percent rela-

tive humidity environment to see if resaturation to in situ moisture

states can in fact be accomplished via this method.

70 MOISTURE GAIN CURVES FOR DRY SAMPLES
UE 12n#9

CORE (ft) SYMBOL
147

60 -- 317
455 

lAS 516
589

Z w 50-0~~

40-

-02

UEI2n.#8 20 Samples

0 10 20 30 40

TIME, DAYS

* - Average in situ moisture content of UE12n#8 samples.

Figure 1. Percent moisture gain versus time for the earlier
tested UE12n#9 samples and the UE12n#8 samples.
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STANFORD RESEARCH INSTITUTE GROUT
SUMMARY

Tests were conducted to determine select material properties on the

superlean grout (SLG 9-15-77) by Stanford Research Institute. Mechanical

tests included an unconfined compression, a 50 bar triaxial compression and

a uniaxial strain test to 100 bars confining pressure. Tests were conducted

on 5 and 6 October 1977. The unconfined and triaxial compression test

results are shown in Figures 1 and 2 as stress-strain curves. Uniaxial

strain test results are shown in Figures 3 and 4. Physical properties were

also measured and are listed in Table 1.

Test results show that mechanical properties are similar to 28 day age

superlean grout previously tested by Terra Tek*. Physical properties are

also quite similar, however, densities are slightly lower and porosity is

higher. The maximum stress and stress difference for the unconfined and

50 bar triaxial compression tests were 7 and -14 bars respectively. Both

tests exhibited a ductile type failure. The uniaxial strain test exhibited

a maximum stress difference of 14 bars. Physical property measurements in-

dicate the sample to be slightly undersaturated with -2 percent aid voids.

L.

L* 

'.

* Butters, S. W., Nielsen, R. R., Jones, A. H., and Green, S. J., "Mech-
anical and Physical Properties of Nevada Test Site Tuffs and Grouts

- from Exploratory Drill Holes," TR 73-69, December 1973.
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Figure 1. Unconfined compression test -- stress versus individual strains.

SRI- SLG

ae*50 BARS

.00.5 0 0.9 1.0 .52.0

TRANSVERSE. (T. % STRAIN AXIAL, (A %

Figure 2. Triaxial compression test -- stress difference versus
individual strains.
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Figure 3. Uniaxial strain test-- mean normal stress versus volume change.
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Figure 4. Uniaxial strain test -- stress difference versus confining
pressure. .
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TABLE 1

Physical Properties of Stanford Research Institute
Superlean Grout

SAMPLE DENSITY (grh/cc) WATER POROSITY SATURATION 1CAL.C. MEAS.
DESIGNTIO BY WET AIR PERMANENT

AS- WEIC44T VOIDS COMP.
REIVED DRY GRAIN M1(%) (%)

(100 bars)

SLG 9-15-77 1.57 0.97 2.57 38.4 62.3 97.1 1.8 1.7
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